Abstract. Pseudomonas aeruginosa (PA) is a pathogenic gram-negative bacterium that is widespread in nature, inhabiting soil, water, plants and animals. PA is a prevalent cause of deleterious human infections, particularly in patients whose host defense mechanisms have been compromised. Metabolomics is an important tool used to study host-pathogen interactions and to identify novel therapeutic targets and corresponding compounds. The aim of the present study was to report the metabolic profile of live PA bacteria using in vivo high-resolution magic angle spinning (HRMAS) nuclear magnetic resonance spectroscopy (NMR), in combination with 1-and 2-dimensional HRMAS NMR. This methodology provides a new and powerful technique to rapidly interrogate the metabolome of intact bacterial cells and has several advantages over traditional techniques that identify metabolome components from disrupted cells. Furthermore, application of multidimensional HRMAS NMR, in combination with the novel technique total through-Bond correlation Spectroscopy (TOBSY), is a promising approach that may be used to obtain in vivo metabolomics information from intact live bacterial cells and can mediate such analyses in a short period of time. Moreover, HRMAS 1 H NMR enables the investigation of the associations between metabolites and cell processes. In the present study, we detected and quantified several informative metabolic molecules in live PA cells, including N-acetyl, betaine, citrulline, alanine and glycine, which are important in peptidoglycan synthesis. The results provided a complete metabolic profile of PA for future studies of PA clinical isolates and mutants. In addition, this in vivo NMR biomedical approach might have clinical utility and should prove useful in gene function validation, the study of pathogenetic mechanisms, the classification of microbial strains into functional/clinical groups, the testing of anti-bacterial agents and the determination of metabolic profiles of bacterial mutants.
Introduction
Pseudomonas aeruginosa (PA) is a ubiquitous Gram-negative bacterium that inhabits a wide array of natural environments. This bacterium is of significant clinical interest as it is a multi-antibiotic-resistant human pathogen associated with hospital-acquired infections (1,2) and a major cause of morbidity and mortality in cystic fibrosis (CF) patients. It commonly colonizes the lower respiratory and gastrointestinal tracts and the mucosa and skin of hospital patients. The establishment of chronic PA respiratory infections requires a complex adaptive process that mediates essential physiological changes that allow bacterial cells to survive and persist in the host environment. Bacteria secrete small molecules that act as specific signals to positively regulate specialized processes (3) , including the production of virulence factors that mediate pathogenic infection, host colonization and the promotion of interspecies microbial interactions (4) .
Bacterial cell walls are complex, consisting of integrated macromolecules including carbohydrates, lipids and proteins (5) . The structure and synthesis of these cell walls is Live-cell high resolution magic angle spinning magnetic resonance spectroscopy for in vivo analysis of Pseudomonas aeruginosa metabolomics VALERIA RIGHI 1, 2, 4 , CATERINA CONSTANTINOU 1,2 , MEENU KESARWANI 3 , LAURENCE G. RAHME 3 and ARIA A. TZIKA unique, with many of the components found nowhere else in nature. Current understanding of bacterial cell wall structures is based on data derived from the destructive analyses of its individual components, and as such, this in vitro data may not accurately reflect the native structural and conformational information. An alternative approach to such analyses is the non-targeted profiling of the physiological state of bacterial cells, such as metabolomic profiling. Metabolomics is the comprehensive determination of the low molecular-weight metabolite complement within a biological sample. As metabolites are below gene transcription and enzyme activities, the methodology of metabolomics has the potential to provide a more accurate image of the actual physiological state of a cell or cells vs. transcriptome and proteome profiling (6) .
To this end, metabolomics has been used to study the response of bacteria to different physiological states and stressors (7-9) and nuclear magnetic resonance spectroscopy (NMR) has been employed to profile microbial species for differentiation and classification, including in vivo profiles of yeast strains and of marine unicellular algae via magic-angle-spinning (10, 11) .
Cell high-resolution magic angle spinning (HRMAS) NMR spectroscopy can distinguish detailed structures present in bacteria (12, 13) . Moreover, multidimensional HRMAS NMR is a powerful tool for the in vivo analysis of live bacterial cells (14) . HRMAS is a novel non-destructive methodology that substantially improves spectral line widths to allow high-resolution spectra to be obtained from intact cells, cell tissue cultures (15, 16) and unprocessed tissues (17) (18) (19) . HRMAS 1 H NMR has also enabled the investigation of relationships between metabolites and cell processes (20) , as observed in a recent NMR study which reported on bacteria and PA in extracted cells (21) . To avoid chemical modifications by the extraction/purification of metabolites and to mantain cell integrity, the HRMAS NMR methodology was applied to live PA to characterize and quantify the metabolic profile of these cells and their surface structures. We also focused on specific metabolites that are likely involved in PA-mediated host inflammation.
Materials and methods
Cell samples. A Rif-resistant derivative of the human clinical PA isolate UCBPP-PA14 (PA14) was used together with isogenic PA14 mutants. Bacteria were grown at 37˚C in Luria-Bertani (LB) broth, or on LB agar plates, containing appropriate antibiotics and specific compounds, as required. Overnight PA14 cultures, grown in LB, were diluted in fresh media in triplicate. Then, 10 ml of culture, optical density (OD) 600 nm 2.0, was centrifuged, washed once with sodium phosphate buffer and subjected to NMR. 1 H HRMAS NMR experiments were performed on a Bruker BioSpin Avance NMR spectrometer (600.13 MHz) using a 4 mm triple resonance ( 1 H, 13 C, 2 H) HRMAS probe (Bruker, Billerica, MA, USA). The temperature was controlled at 4˚C by a BTO-2000 cooling unit in combination with a MAS pneumatic unit (Bruker).
Samples were spun at 3,000 Hz and two different types of one-dimensional (1D) proton spectra were obtained using a water-suppressed spin-echo Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [90-(τ-180-τ)n-acquisition] (22) . CPMG includes inter-pulse delay (τ=2π/ ωr=400 µs); 256 transients; spectral width of 7.2 kHz; 8k data points; TR=3 sec. Additional analysis of metabolites employed a novel approach combining two-dimensional (2D) solid-state, HRMAS proton ( 1 H) NMR, with total through-Bond Spectroscopy (TOBSY) (23) , which maximizes the advantages of HRMAS and provides a robust classification strategy. Typical acquisition parameters included: 2k points direct dimension (13 ppm spectral width), 200k points indirect dimension (7.5 ppm spectral width), 8 scans with 2 dummy scans, 1 sec water pre-saturation, 2 sec total repetition time, 45 msec mixing time and total acquisition time 45 min.
Quantification of metabolites.
Concentrations were determined using MestReC software (Mestrelab Research, Santiago de Compostela, Spain), an automated fitting routine based on the Levenberg-Marquardt algorithm applied after manual peak selection, adjusting peak positions, intensities, line widths and the Lorentzian/Gaussian ratio, until the residual spectrum was minimized (24, 25) . Each metabolite concentration (mol/kg) was calculated using the equation:
where mass TSP is constant (0.069 mg); molecular weight of TSP=172.23 g/mol; Met., metabolite; N TSP , the number of protons of TSP (9 1 H) and N Met , the number of protons in the respective metabolite (26) .
Statistical analysis. Data were reported as means ± standard errors. Statistical analyses were performed using the Student's t-test. Paired two-sample test was used to determine the means. P<0.05 was considered to indicate a statistically significant difference (Table I) .
Results
The NMR metabolomic fingerprint for intact PA14 cells was determined. Fig. 1 shows a representative 1D 1 H CPMG HRMAS NMR spectrum obtained from live PA14 cells. The spectrum provides the direct identification and relative quantification of several metabolites, including amino acids, osmolites, phospholipids, organic acids, sugar and polyols (1, leucine; 2, isoleucine; 3, valine; 4, lactate; 5, alanine; 6, lysine; 7, bonded alanine; 8, phospholipids; 9, glutamate; 11, glutathione; 12, aspartate; 16, phospho-choline; 17, betaine compounds; 18, glycine; 19, UMP; 22, citrulline and 24, NAD). While this NMR-based approach to cell analysis is rapid and provides significant information, it includes peaks that overlap in the 1D NMR spectra, which cannot be assigned to specific molecules. As such, 2D 1 H-1 H TOBSY HRMAS was performed to complete the metabolic profiling of the PA14 cells (Fig. 2) . With respect to the 1D spectra, these 2D NMR spectra allowed distinct signal discrimination, in order to identify and quantify additional metabolites including: 10, two samples; Absolute quantification is derived from one dimensional Carr-Purcell-Meiboom-Gill; concentrations are µmol/g. HRMAS, high resolution magic angle spinning. NAD, niconitamide adenine dinucleotide; UDP, uridin diphosphate; d, doublet; q, quartet; t, triplet; dd, doublet of doublet; s, singlet; nd, not determined. glutamine; 13, cysteine; 21, N-acetyl signal; 23, tyrosine; and 25, phenylalanine. Table I lists the 22 metabolites identified from the combined 1D and 2D spectra of PA.
Discussion
In the present study HRMAS NMR was used to provide, to the best of our knowledge, the first detailed metabolic profile of live PA bacterial cells. Several identified metabolites provide insight into the structure of the bacterial cell wall, with others giving insight into PA metabolism. Our results also identify specific metabolites that should enable future studies to better investigate the biochemical processes that occur in the host at the onset of infection and throughout pathogenesis.
Within our analysis, we detected signals corresponding to cell wall polysaccharides derived from N-acetyl termini (2.02÷2.33/4.10÷4.33 ppm) (27) . This is in accordance with our previous results (28) which demonstrated that the PA cell wall contains peptidoglycans, and is a thick rigid layer composed of an overlapping lattice of the sugars, N-acetyl glucosamine (NAG) and N-acetyl muramic acid (NAM), cross-linked by amino acid bridges (2003) (2004) (2005) (2006) , The Microbical World http://www.microbiologytext.com). As we also detected signals diagnostic of lipopolysaccharides (LPS), we deduce that the PA cell wall contains LPS. In addition, the 3.56 ppm peak signal, likely corresponding to glycine, is highly suggestive of cell-wall peptidoglycans and purine biosynthesis, particularly since the 3.56 ppm peak is from [ 1 -H] glycine metabolism in purine biosynthesis (30) . Alanine, which is important in peptidoglycan biosynthesis and signaling pathways, was also detected. In peptidoglycan biosynthesis a pentapeptide is attached to each disaccharide unit at the muramic acid residue, where the final two D-alanine side chain amino acids are attached as a dipeptide (31, 32) . This dipeptide participates in the cross-linking between peptidoglycan chains. Alanine is a necessary precursor to the dipeptide and is converted from naturally occurring L-alanine by the enzyme alanine racemase, Alr (33) .
The HRMAS NMR analysis also detected betaine compounds, which are important for bacterial osmoprotection. Betaine is synthesized from betaine aldehyde via the betB gene product (28) . Increased betaine compounds could enhance the ability of PA to survive harsh environmental conditions in the host milieu. In particular, glycine-betaine conjugates are known osmo-protectants for many organisms, while an osmo-protective function has also been attributed to N-acetylglutaminylglutamine amide, glutamate and trehalose in PA cells (34) . The betaine aldehyde dehydrogenase (BADH) enzymes produce the osmo-protectant glycine-betaine compound, which must reach extremely high concentrations to exert its protective effect, together with enzymes participating in the catabolism of choline (35) .
PA contains high levels of phospholipase C that correlate with bacterial virulence in CF lung infections (36) , suggesting that choline precursors are used and metabolized during infection. Expression of the betaine aldehyde: NAD(P) + oxidoreductase enzyme (EC 1.2.1.8, BADH), involved in the second step of choline metabolism plus betaine aldehyde dehydrogenase are induced by choline, even when PA cells are grown in the presence of other carbon and nitrogen sources, such as glucose and ammonium (35) . As such, PA-BADH is a potential target for antimicrobial agents: in addition to its involvement in choline catabolism, this enzyme may be crucial in bacterial defense against osmotic and oxidative stress, which both occur in infected tissues (37) . The acid product of PA-BADH, glycine betaine, is an efficient osmo-protectant that likely acts in PA cells in the hyperosmotic environment of infected tissues (34) and BADH inhibition is likely to increase intracellular levels of betaine aldehyde, a highly toxic compound (38) . To this 1 H high-resolution magic angle spinning nuclear magnetic resonance spectrum of PA14 using total through bond correlation spectroscopy. The capsular polysaccharides were detected due to their N-acetyl signals (21), (2.02÷2.33/4.10÷4.33 ppm). Glutathione (11), a major cell antioxidant, was detected with higher resolution than in the one-dimensional spectrum.
end, a PA strain defective in BADH cannot grow in choline, even if glucose is present in the growth medium, due to betaine aldehyde toxicity (39) . The finding that PA-BADH is expressed in the presence of other carbon compounds, such as glucose, provided that choline is present (34) , supports the feasibility of using its inhibition to combat PA pathogenicity.
Citrulline was also detected as metabolite previously reported in the kinetic analysis of PA deiminase mutants (40) . Ornithine carbamoyltransferase (OTCase), (EC 2.1.3.3) catalyses the carbamylation of the γ-amino group of ornithine by carbamoyl phosphate to produce citrulline and inorganic phosphate (41) . This thermodynamically favored reaction further operates in arginine synthesis. PA catabolic OTCase catalyses the second reaction in the arginine deaminase pathway, which is also a component of the adenosine triphosphate (ATP) synthesis pathway under energy depletion conditions (42) (43) (44) . The coupling system involving the production and deamination of ATP from ADP, and citrulline and Pi in the presence of carbamate, may be useful to determine the catabolic OTCase activity in the physiological direction (45). As such, increased cellular citrulline correlates with ATP synthesis. As ATP production is critical for energy metabolism and cell survival, any compound that increases citrulline may concomi tantly increase energetic stamina in bacteria to improve their survival in the host and promote chronic infection.
Findings of the present HRMAS analysis identified the presence of NAD (8. . These metabolites are associated with nicotinate, nicotinamide and pyrimidine metabolism, and interconnect alanine metabolism and pyrimidine metabolism. A similar relationship exists between alanine and nicotinate and nicotinamide. The use of TOBSY in HRMAS allowed the detection of all these metabolites, even when present in small amounts and hidden within other resonances. As such, this methodology provides for the detection of both aromatic compounds and aliphatic molecules, including citrulline and ornithine and arginine related-compounds. To this end, the technique is more powerful compared to the HRMAS NMR techniques previously reported and is likely to be more useful compared to other destructive high-resolution NMR techniques.
In conclusion, the combination of 1-and 2-dimensional TOBSY 1 H HRMAS NMR is a powerful in vivo biomedical approach to interrogate the metabolome of live bacterial cells. Multidimensional HRMAS NMR using intact cells is a promising method to obtain in vivo information of metabolomics in live bacteria and is complementary to existing chemical and biological methods. This technique may prove to be a highly useful tool in gene function validation, the study of pathogenetic mechanisms, the classification of microbial strains into functional/clinical groups, the testing of anti-bacterial agents and the interrogation of metabolic profiles of mutant strains. To this end, this technique might be applied clinically. Current limitations include spectral resolution which can be improved with compressed sensing (46) for an adiabatic TOBSY solid-state NMR pulse sequence to optimize speed of HRMAS applied to intact biopsies. Theoretical treatment, numerical simulations and experimental results on biological samples are currently ongoing.
